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Soil erosion is a continuing concern, both within the United States and in countries across the world. While loss of fertile topsoil due to wind and water erosion processes is a very important natural resource conservation issue, the sediments that are transported by the wind or water and move off-site degrade air and water resources. Sediment is the greatest pollutant of water, by volume, and can contribute to sedimentation in rivers, lakes and harbors, increasing flood risk, reducing navigatibility, requiring costly dredging, and carrying with it harmful agricultural chemicals. Wind-blown dust sediment particles negatively impact human and animal health, damage crops, and decrease visibility on roadways causing deadly automobile accidents.
While erosion and sediment losses are a great concern, identification of sites and land management practices that are susceptible to them can be difficult. A multitude of natural physical processes contribute to detachment and transport of soil particles. Experimental monitoring of soil and sediment losses provides valuable information, but it is difficult and time-consuming, and not practical for estimating the potential for soil erosion across large areas.
Erosion prediction models have been developed over the past 100 years, to allow rapid assessment of soil loss potential, and effects of various land management practices on reducing and controlling soil loss. Initially these models were just simple empirical equations based upon sets of field erosion experimental data. The culmination of empirical erosion prediction technology is the Universal Soil Loss Equation (USLE), which was developed from over 10,000 plot years of field plot and small watershed data (Wischmeier and Smith, 1978) .
The advance of computer technologies during the 1980's -1990's allowed for the development and use of much more complicated computer simulation models that mimic the natural physical processes which cause soil erosion by wind or water. Today, there are a number of process-based soil erosion models for use on PC's (personal computers). This paper will present and discuss the Water Erosion Prediction Project (WEPP) model, which has been developed by the United States Department of Agriculture over the past 20 years. WEPP is a processbased, distributed parameter, continuous simulation computer program for estimation of runoff, soil loss and sediment yield from fields and small watersheds.
Erosion Model Background
The physical processes associated with erosion by water were described by Ellison (1944) over sixty years ago. However, early erosion prediction in the U.S. developed out of experimental field plot research, initially established by Miller in 1917 in Missouri (Meyer and Moldenhauer, 1985) and then greatly expanded by Congress through establishment of erosion research stations in ten major regions of the United States during the 1930's.
Data collected from the field plots included rainfall, total runoff, and total soil loss. The soil, slope, tillage, and cropping information were also recorded. These experimental stations published reports, and overall their efforts resulted in a comprehensive database of weather, management and erosion data.
Initial erosion prediction equations were developed using the plot slope and length data at a location (Zingg, 1940; Smith, 1941) . Browning et al. (1947) added soil erodibility and Musgrave (1947) added a rainfall factor. In 1965, Wischmeier and Smith published the Universal Soil Loss Equation (USLE) based upon over 10,000 plot years of plot data, and USLE and its revisions (Wischmeier and Smith, 1978; Renard et al., 1997) are the best empirically-based tools for prediction of soil erosion by water on agricultural crop land. However, the need for a physically-based water erosion model was recognized by many, including Meyer and Wischmeier (1969) , even as improvements to the USLE continued. As an empirical model, USLE could well represent the plot data upon which it was based, but was difficult or impossible to apply to new situations. Erosion processes such as sediment deposition and ephemeral gully detachment were not addressed by USLE, and those processes were clearly missing from the database.
Simulating complex weather, soil, and hydrologic processes would also require extensive mathematical representation and solution techniques, unavailable in the 1960's, but more practical in the 1980's with the advent of the personal computer.
WEPP Model History
The Water Erosion Prediction Project (WEPP) was initiated by the USDA-Agricultural Research Service (ARS) in a meeting in Lafayette, Indiana in 1985. A core team of scientists and users was formed, to formulate the model requirements, develop the computer code, and conduct laboratory and field hydrology and erosion experiments for model parameterization. Through the combined efforts of ARS and the main model user agencies of the Soil Conservation Service (SCS, now the Natural Resources Conservation Service -NRCS), the Forest Service (FS), and the Bureau of Land Management (BLM), a detailed Users' Requirements document was developed from 1985 -1987 (Foster and Lane, 1987 . These requirements guided the project though model delivery.
Field rainfall simulator experiments on 33 benchmark agricultural soils were conducted in 1987 and 1988 (Elliott et al., 1989 Laflen et al., 1991) , to determine baseline soil erodibility values. A companion project was conducted on rangeland sites as well Laflen et al., 1991) to provide erodibility and vegetation parameters for the model in those types of applications.
Extensive model code development was conducted at both the ARS-Southwest Watershed Research Center (SWRC) in Tucson, Arizona, and at the ARS-National Soil Erosion Research Laboratory (NSERL) in West Lafayette, Indiana. An initial prototype version of the WEPP hillslope model (v89) was released in August, 1989 for testing. Substantial improvements were made to the code at the NSERL during the next 5 years, including addition of non-uniform hydrology, irrigation, and watershed channel and impoundment components. Additionally, model validation and parameterization studies were conducted. The validated and documented WEPP hillslope profile and watershed model was released in July, 1995 .
Since 1995, the WEPP model has been continually improved at the NSERL, with model version updates on about an annual basis. Extensive work on development of new model interfaces and Geographic Information System (GIS) linkages has also been ongoing.
Basic Physical Processes Simulated
WEPP simulates soil erosion due to raindrops, and overland flow resulting from excess rainfall surface runoff. The model is applicable to hillslope profiles and fields composed of multiple hillslopes, channels and impoundments. It is applicable to areas where overland flow runoff processes dominate, typically catchments less than 260 ha in size (Flanagan et al., 2001a) .
CLIGEN is a stochastic weather generator which uses long-term records of monthly precipitation, temperature, radiation, and wind information statistics to produce a climate input file to the WEPP model (Nicks et al., 1995) . CLIGEN software can also use observed daily temperatures and precipitation for a site and will add in other generated values to build a WEPP input file. A model user may also build their own observed breakpoint precipitation input climate file for WEPP, which can result in better hydrologic and erosion simulations than a CLIGEN generated input file.
Surface hydrology drives the erosion processes in WEPP. Infiltration during a rain storm is modeled using a Green-Ampt-Mein-Laursen equation (Mein-Laursen, 1973 ) modified for unsteady rainfall (Chu, 1978) . Peak runoff rate is computed using a semi-analytical method of characteristics solution to the kinematic wave equation (Stone et al., 1992) , or an approximation to this (Stone et al, 1995) . Peak runoff rate, rill hydraulic roughness and rill channel geometry are used with the Darcy-Weisbach flow equation to estimate rill flow depth and hydraulic radius. Flow shear stress is then computed as the sine of the average slope profile angle times the hydraulic radius and the weight density of water (Foster et al., 1995) . The shear stress is divided into that acting on roughness elements (residues, live plants, etc.) and that acting on the soil that can cause detachment (Gilley and Weltz, 1995) . The Yalin (1963) sediment transport equation is computed at the end of the slope profile, then applied to interior profile points using a simplified equation .
The erosion calculations in WEPP are based upon a steady-state sediment continuity equation, in which the change in sediment load in a rill with distance down a slope is equal to the sum of the interrill sediment delivery to the rill plus the detachment or deposition occurring at a point in the rill . Interrill sediment delivery to a rill is a function of a soil erodibility term, effective rainfall intensity, runoff rate, interrill slope, surface roughness, and sediment particle characteristics (Foster et al., 1995) . Rill detachment is predicted to occur when sediment load in the flow is below transport capacity, and flow shear stress acting on the soil exceeds the critical shear stress of the soil Foster et al., 1995; Flanagan et al., 2001a) . Rill detachment rate is computed as a function of excess flow shear stress, a rill erodibility parameter, sediment transport capacity, and sediment load already in the flow, and a Runge-Kutta procedure is used to determine sediment load from point to point down a slope profile . Alternately, sediment deposition in a rill is predicted to occur when the sediment load in the flow exceeds the transport capacity. In this case, deposition rate is computed as the difference between transport capacity and sediment load, times a first order rate coefficient consisting of a rainfall turbulence factor times the flow rate divided by an effective sediment fall velocity (Foster et al., 1995) . Sediment load in a rill is computed on a total load basis. Sediment particle sorting and enrichment are then subsequently computed using an analytical solution to the deposition equation and conservation of mass principles (Flanagan and Nearing, 2000) .
WEPP also contains a number of other components allowing it to adequately simulate temporal changes in the soil, plant and residue conditions. These include a water balance component (Savabi and Williams, 1995) , soil component , plant growth components (Arnold et al., 1995) , residue decomposition and management component (Stott et al., 1995) , and irrigation component (Kottwitz, 1995) . The reader is referred to and Flanagan et al. (2001a) for more detailed information on these parts of the model.
Watershed simulations with WEPP allow a user to set up very simple to very complex catchments comprised of multiple hillslopes and channels (Ascough et al., 1995) . Additionally, impoundments can also be modeled, such as farm ponds, culverts, filter fences, or others (Lindley et al., 1995) . Channel detachment is simulated similarly to that on hillslopes, as a function of excess flow shear stress. Erosion downward in a channel can be stopped by setting a depth of a nonerodible layer, at which point a channel will widen sideways until flow shear stress acting on the channel walls matches the critical shear stress (Ascough et al., 1995; Flanagan et al., 2001a) . Impoundments are simulated as a single continuously stirred reactor (Lindley et al., 1995) . WEPP has been validated for both hillslope (Zhang et al., 1996; Tiwari et al., 2000) and watershed (Liu et al., 1997) applications. In summarizing, Laflen et al. (2004) concluded that WEPP does a good job of matching observed replicated field plot data, across a wide range of studies.
Current Status

Erosion Prediction Model
The most recent WEPP model release is version 2006.5, which contains new code supplied by cooperators at Washington State University to better simulate lateral subsurface flow for situations with impeding soil layers of rock or other materials, which is very typical for forested watersheds. These model changes require additional soil file inputs to describe the restrictive layer characteristics, and they produce new outputs that report the lateral subsurface flow from hillslopes and watershed components. Additional code changes in the new model release (over the old v2004.7 of WEPP) include corrections to evapotranspiration estimates due to problems with plant and residue interception accounting, and other assorted bug fixes. The updated WEPP model and interface package is available from the NSERL web site at: http://topsoil.nserl.purdue.edu/nserlweb/weppmain.
Climate Generation Model
The CLIGEN weather generation model had undergone extensive testing and modifications over the past 5 years. Major changes have included expansion and improvement of the station database, addition of quality control on the random numbers generated (Flanagan et al., 2001b) , and generation of dew point temperature related on a daily basis to minimum and maximum temperatures. Additional efforts are still underway to improve the storm duration and intensity predictions of CLIGEN. More information and the software can be obtained at: http://horizon.nserl.purdue.edu/Cligen.
Interfaces for WEPP
WEPP is a complex FORTRAN simulation model with over 200 subroutines, requiring a large number of input parameters. Basic input files for WEPP are climate, soil, slope and management, and additional input files include irrigation, channel, impoundment and watershed structure. Input files to WEPP are cryptic ASCII text files, and there is a set of accompanying user documentation that describes each of the input variables, and how to obtain or estimate the values (Flanagan and Livingston, 1995) . Working directly with ASCII text files is cumbersome, even for model developers.
The WEPP model was released in 1995 with a DOS-based user interface (Flanagan et al., 1994) , which had been used for a couple of years by the developers in model testing and validation studies. The major federal agency expected to implement WEPP (at that time the Soil Conservation Service) had been developing their own model interface for several years, with the expectation that it would be the tool used by SCS employees to operate WEPP. This Operational Computer Program (OCP) was also a DOSbased interface developed utilizing Vermont Views.
In 1995 the validated and documented WEPP model was released by ARS to SCS, FS and BLM at a special symposium in Des Moines, IA. SCS, however, was busy reorganizing itself into the new Natural Resources Conservation Service, and many of the SCS technical staff who had worked with WEPP transferred or retired. The OCP interface effort was abandoned. WEPP evaluation and testing were performed by some NRCS staff in 1995-1996, but no reports from this were provided to ARS developers. A major obstacle for implementation and use of WEPP by NRCS was the lack of a user interface program designed specifically for their field users. ARS thus initiated efforts in 1996 to develop Windows interfaces that would provide much easier application of WEPP for both hillslope and small watershed simulations (Flanagan et al., 1998) .
The Forest Service conducted WEPP model training and evaluation workshops soon after the model release in 1995, utilizing the DOS-based interface. Their users found that interface difficult to apply to forest situations. FS staff at Moscow, Idaho developed sets of template projects specifically to use with the DOS-based interface, and subsequently with the WEPP Windows-based interface. The FS became heavily involved in developing their own custom FS-WEPP internet Web-browser interfaces (Elliot et al., 2000) . The Bureau of Land Management has partnered with the Forest Service, and conducted many joint WEPP training workshops.
The ARS NSERL initiated efforts in 1996 to allow for WEPP watershed model application utilizing Geographic Information Systems (GIS) and digital elevation data to facilitate easier and more uniform watershed model simulations. The ArcView GIS system was utilized, along with TOPAZ (Garbrecht and Martz, 1997) watershed delineation software to set up WEPP watershed structure inputs and hillslope and channel slope input files (Cochrane and Flanagan, 1997) . This software evolved into GeoWEPP (Renschler et al., 2002; Renschler, 2003) .
Windows Interface
The WEPP Windows interface is a stand-alone program written in C++. It automatically builds the basic ASCII input files for a WEPP model simulation, using information displayed on its screens. The interface facilitates organizing, viewing, editing, and plotting the model inputs and simulation run outputs. There are several simulation modes when using the Windows interface, the main ones being: single hillslope profile, project sets (multiple hillslopes worksheet), and watershed.
Single hillslope profile simulation
The Windows interface graphically depicts the profile shape using information present in the current project's slope input file (Figure 1 ) and displays layers on the profile representing the soil (lower layer), cropping/management (upper layer), and slope (center layer). Double-clicking on any of these layers will open the editor for each of those inputs. Additionally, there is a climate input icon at the top center of the screen (sun and clouds) that identifies the current climate station used in the project, and also allowing access to the climate building utilities. A WEPP model simulation is conducted by clicking on the "Run" button at the bottom center of the screen (Figure 1 ). Following the model run, the results are immediately displayed in the table at the upper right, and soil detachment and deposition rates are graphically displayed in shades of red and green in the center profile (slope) layer. Additional graphical results can be displayed by clicking on the "Soil Loss Graph" button or the "Graphical Output" button at the bottom left of the screen. WEPP can produce very large temporal output files containing 92 variables which can change daily through a simulation period, such as rainfall, runoff, sediment loss, plant biomass, canopy cover, residue cover, etc. These outputs can be extremely useful for users when checking how well the model simulates their particular plant growth or residue burial and decomposition, and input parameters related to those can be quickly changed and simulations re-run until satisfactory model response is achieved.
A number of other options are also available for single hillslope simulations, including generation of a variety of text output files and running return period analysis. Hillslope cropping/management and soil layers can also be divided into different regions down the profile having different characteristics (accomplished with a right-mouse click, inserting a break, then importing a different management or soil into the divided region). For example, inserting a break at the bottom end of a profile, then importing a continuous grass cropping/management rotation allows simulation of the effects of a grass buffer strip, as shown in Figure 1 .
Multiple hillslope worksheet simulations (Project Set Runs)
Once a user has set up a number of single hillslope simulations that represent typical slopes, soils and cropping/management systems in their region of interest, they may wish to repeat this set later. This can be accomplished though the Project Sets option in the interface (Figure 2) . From the main screen, this worksheet can be opened with the "File -Open Project Set", and then existing hillslope profile projects can be added into the worksheet table. Also, the user has the option to run all projects in a worksheet with common slope, soil, climate or management. Most often this option might be used if a set of typical cropping/management systems is represented by a base set of projects, and then a user wishes to simulate for their specific slope, soil and climate what the impacts on runoff and soil loss will be from those different land management systems. 
Watershed simulations
Watersheds in WEPP are comprised of channels, hillslopes and impoundments. Watershed simulation runs are opened by going to "File -Open Watershed" on the main interface screen, and selecting a watershed project. A watershed screen will open, displaying a background image (if previously added) and the hillslopes, channels and impoundments of the current watershed displayed over the image (Figure 3) . Drawing tools allow the addition, removal, resizing, and repositioning of any of the watershed components on the screen. The user must still fully describe all of the WEPP model parameter inputs for soil, slope, and cropping management for each hillslope and channel, and additionally channel parameters for each channel, and impoundment parameters for each impoundment (if any are present). The interface will automatically build the WEPP model structure file based upon the drawing on the screen. Any of the watershed components can be edited by double-clicking with the left-mouse button while positioned over that element. The climate used for the entire watershed is selected through the sun/cloud climate icon at the top center of the screen.
Once the watershed is depicted and parameterized properly, a simulation run is made by clicking on the circular green "Run" button at the right center of the screen. After running, results are immediately displayed in a pop-up window with information for each watershed element (hillslope, channel or impoundment) as well as the total watershed area, runoff and sediment yield.
Spatial soil detachment/deposition estimates on each of the hillslopes can also be viewed in shades of red/green by clicking on the "shading" button on the right side of the screen (Figure 3) . For setting up relatively simple watershed simulations, such as a small field with a main channel and three contributing hillslopes, and possibly an impoundment (e.g. culvert), the Windows interface is simple and easy to use. However, with larger and increasingly complex watersheds, it becomes more and more difficult to properly build the watershed, and describe the parameters for all of the channels, hillslopes and impoundments. For more complex catchments, use of a GIS-based interface is recommended.
GIS application of WEPP
There are currently two GIS interfaces to WEPP, and both use the same processing algorithms described in Cochrane and Flanagan (1999) to convert raster data into WEPP watershed inputs. The first is GeoWEPP (Renschler et al., 2002) which is an Arcview 3.2 extension which works in concert with the TOPAZ (Garbrecht and Martz, 1997) watershed delineation program and custom WEPP Windows interface software to convert raster data into WEPP inputs. Efforts are underway to upgrade GeoWEPP to the current ESRI ArcGIS system. GeoWEPP allows a user to obtain commonly available digital elevation data and other geo-referenced data for a site, and then rapidly set up a WEPP watershed simulation by automatically building all of the hillslope and channel slope input files based on the DEM (digital elevation model) of the site. Users also have the option of importing their own DEM's and other spatial data. TOPAZ determines the subcatchments (which become WEPP hillslopes) and all flowpaths within each subcatchment. GeoWEPP analyzes the flowpath information to create representative hillslope profiles. WEPP model simulations can then be run for the watershed using the representative hillslopes and channels, or alternately, the model can be run on every flowpath in the watershed (as a WEPP hillslope simulation) and the soil loss results transformed back into a spatial soil loss map in the GIS. The second GIS interface to WEPP is a web-based tool , and will be discussed in the next section.
Web-Based Interfaces
Development of ARS WEPP Web-browser based interfaces began in about 1999 with the first prototypes available from the NSERL web site in 2000. Initially, only simple hillslope simulations could be conducted (Figure 4 ). Over time, additional functionality has been added. Currently a user can simulate a single hillslope with a single soil and management, a single hillslope with a buffer strip at the end, a hillslope with multiple buffer strips evenly spaced within, a table run (very similar to that in the Windows interface), and a WEPP Web-GIS watershed simulation as shown in Figure 5 . The advantages of web-browser based interfaces are many, including no software installation, ease of use, access to the most current model and databases, and low maintenance and distributions costs. A user can simulate many of the situations as in the stand-alone Windows interface, though all options are not available and some particularly complex slope or multiple land management or soils situations cannot be simulated. However, for quick and simple water erosion estimates utilizing existing databases, nothing is easier than using the browser interfaces. For GIS watershed simulations, the web-based tool is much easier (and cheaper) to use than a commercial GIS package, such as ArcView. However, users are currently limited to using commonly available DEM data (USGS 30 m), which is not always the best for soil erosion estimation. Other web-based WEPP applications include the FS WEPP interfaces (Figure 6 ), and the Iowa Daily Erosion Project (Cruse et al., 2006) . The FS interfaces assist users with determining appropriate cross drain spacing for forest roads, designing forest roads, and assessing the impact of cover disturbance and fires on forest erosion. The Iowa project utilizes the WEPP model, NRCS National Resource Inventory information, and NexRad radar precipitation data for the state of Iowa to estimate near real-time daily values for runoff and soil loss for every township in the state (Figure 7) . 
New Directions for USDA Erosion Prediction
In March of 2004, the NRCS sent a letter to the ARS, stating that for their long-term soil erosion prediction needs they required a combined wind and water process-based model based upon the science code currently in WEPP and WEPS (Wind Erosion Prediction System - Hagen et al., 1996) . Since that time, NSERL staff has been working on development of such a common model, building components within the Object Modeling System (David et al., 2002; Ascough et al., 2005) . Water erosion components from WEPP have been created within OMS, as has a hydrology and erosion model with spatial and temporal looping . Cooperators include ARS scientists at the NSERL, the Wind Erosion Research Unit (WERU) in Manhattan, Kansas, the Agricultural Systems Research Unit in Fort Collins, Colorado, the National Sedimentation Laboratory in Oxford, Mississippi, and several other locations. NRCS has committed to developing interfaces and databases for the new system, currently known as the WWEM (Wind and Water Erosion Model), which is planned for initial delivery for cropland applications in 2011.
Summary
WEPP technology is available today for easy application and estimation of on-site soil erosion by water and off-site sediment delivery. The impacts of use of different land management practices on soil loss can be evaluated rapidly and efficiently, and the most effective and cost-efficient practices selected. A range of interface programs is available to allow for simple conservation planning on a single hillslope profile up to very complex watershed simulations utilizing spatial elevation, soil and land-use data.
